In this paper, we propose a novel ionized gas temperature sensor which has a triple-electrode structure and carbon nanotubes (CNTs) as a field emission cathode. The measurement current, as part of the non-selfsustaining discharge current, changes with the changing of initial emission current I 0 and Townsend's first ionization coefficient a according to the theory of Townsend discharge. The ionization coefficient a increases with increasing gas temperature for a given gas at a certain electric field because the mean free path is proportional to the gas temperature. In addition, the initial current increases with increasing gas temperature. Experimental results showed that the collecting current exhibited an exponential increase with the gas temperature rising from 20 C to 110 C and the sensitivity is 4.74 mA C À1 to air and 22.72 mA C À1 to nitrogen at 110 C. The difference in the effective work function after nitrogen and oxygen adsorption is the response for the different sensitivities. The triple-electrode ionization sensor is a new mechanism of gas temperature measurement and has the merit of facilitating the fabrication of CNTs compared with the existing CNT-based resistive or thermal expansion temperature sensors.
Introduction
Carbon nanotubes (CNTs) have been shown to have various potential applications [1] [2] [3] [4] [5] [6] and have attracted signicant interest due to their very attractive mechanical and electrical properties. Recent studies have shown that carbon nanotubes (CNTs) can be used as temperature sensors [7] [8] [9] [10] [11] [12] because the extremely small size of the CNT can provide accurate measurements at nanoscale size and reduce the possibility of disturbing the neighboring environment, which is very important in a complicated thermal ow system. The reported CNT-based temperature sensors can be categorized into thermal expansion and thermal resistance according to their different working principles.
The thermal expansion CNT-based temperature sensor was rstly proposed by investigating the thermal expansion behavior of loading metal gallium into the CNTs. 13 Due to their low melting point, metal indium 14 and Ge 15 were also loaded into CNTs as the thermal indicator for temperature measurement. Although the thermal expansion coefficient of the lling metal varies linearly and reproducibly with values corresponding to macroscopic volumes in range of temperature measurement, measurements for a single carbon nanotube are extremely difficult, which makes their use very complicated. 10, 11, 16 The thermal resistance CNT-based temperature sensors were based on the conductivity change of CNTs induced by the thermal exchange. 9,12,17-23 A long single-walled CNT (SWCNT) array suspended between two separated metal electrodes was used for temperature measurement and the resistance of the SWCNT array is proportional to the temperature.
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Due to the difficulty of placing individual CNTs at desired locations and the integration of nanostructures, this CNT-based temperature sensor has been deemed impractical for commercialization. 24 Y. Hong et al. connected two parallel silver electrodes via PDMS-encapsulated CNT thin lm to fabricate a temperature sensor and measured the change in CNT-lm resistance according to temperature variation. 25 And A. Di Bartolomeo et al. presented the electric resistance of the thick and dense carbon nanotube networks in form of freestanding lms (CNTFs) as a function of the temperature from 4 to 420 K.
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However, the applied electric eld and the area of the CNTs have considerable effect on the sensitivity of those gas temperature sensors.
Since 2008, a novel CNT lm-based ionization sensor has been proposed for gas detection in our lab. [26] [27] [28] [29] [30] The tripleelectrode conguration enables a long CNTs life, which ensures the ionization sensor operating in non-self-sustaining discharge state for a long time. The measurement current, as part of non-self-sustaining discharge current, varies with the initial emission current I 0 and the degree of ionization a. Due to the effect of gas temperature on the ionization coefficient a and the emission I 0 , the collecting current should be varied with gas temperature. This is a new mechanism of gas temperature measurement comparing with all previously reported CNT-based temperature sensor. Here, the novel CNT lm-based ionization sensor is used for the monitoring of ue gas temperature in the power plant, which is generally within 110 C.
Experimental details

Fabrication of gas temperature sensor
A triple-electrode gas temperature sensor is designed and fabricated shown in Fig. 1(a) . Three silicon slices in size of 27 mm Â 8 mm Â 450 mm are processed through mask, photolithography, dry etching and cleaning for the preparation of electrodes. There are two cooling holes of 4 mm diameter in cathode, one 3 mm radial round hole for ions migration and diffusion in extracting electrode and a square blind rectangular of 8 Â 6 mm 2 in area and 200 mm in depth for collecting positive ions in collecting electrode, respectively ( Fig. 1(b) ). Ti/Ni/Au (50 nm/125 nm/400 nm) are sputtered in sequence on both sides of extracting electrode, the inner side of cathode and collecting electrode. Then three electrodes are rapidly annealed at 450 C for about 50 seconds to enhance the bond strength of the substrate and the Ti/Ni/Au lm. And next vertically aligned carbon nanotube array is grown on SiO 2 /Si substrate by thermal chemical vapor deposition (TCVD) method and transferred to the inner side of cathode by wetting transfer method. 31 Three electrodes are separated with 170 mm-thick polyester lm and connected with three golden wires as three pins of the sensor. The images of the CNT lm is scanned with the transmission electron microscopy (FEI Quanta 250 FEG) and here we give the image of the CNTs lm as shown in Fig. 1(c) .
Experimental system
Gas temperature sensing experiment is conducted in a test chamber based on the NI PXI-1044 test system. The stable voltages applying between cathode, the extracting electrode and the collecting electrode are supplied by power modules (NI PXI-4132). The collecting currents I c are recorded by a precisely digital multimeters (NI PXI-4071) controlled by computer via the MXI interface of test system. The fabricated sensor is placed into the test chamber which could be heated by a heating resistor. When temperature of the chamber varied from 20 C to 110 C, the collecting current was recorded by the computer via the MXI interface of test system as shown in Fig. 2 .
Experimental results and discussion
Gas temperature sensing
The I c -T characteristic of the ionization gas temperature sensor was tested in N 2 at a xed U 1 of 10 V. When the gas temperature T rises from 25 C to 70 C, the sensor shows an exponential increasing responses to temperature. The collecting currents I c increase with the extracting voltage U 2 increasing from 30 V to 70 V at each gas temperature as well. All I c -T characteristic curves have nearly the same shape (black, red, blue and rose red curves in Fig. 3(a) ). This indicates that the novel ionization temperature sensor is capable of gas temperature measurement and has excellent reproducibility. In addition, the higher the extracting voltage U 2 , the better gas temperature response. Considering the triple-electrode sensor working under the nonself-sustaining discharge state, the applied extracting voltage U 2 should be lower than breakdown voltage. While the sensor needs a higher voltage to gain better temperature response and a lower one to reduce the power consumption. So it is a tradeoff between better response and lower power consumption. The same temperature responses shape at different extracting voltages U 2 ( Fig. 3(a) ) has demonstrated the good stability of the sensor. To verify the long-term stability, the temperature sensing experiment of the sensor was repeated at least one month later. The almost negligible difference between the two gas temperature responses further conrms the stability of the sensor (Fig. 3(b) ). Fixed U 1 at 10 V and U 2 at 70 V, the gas temperature experiments were conducted in air and nitrogen, respectively. When the gas temperature rises from 20 C to 110 C, the collecting current exhibits an exponential increase as shown in Fig. 4 (a) and (b). According to the denition of sensitivity (S ¼ Dy/Dx, where Dy is the variation of the collecting current and Dx is the variation of gas temperature), the sensitivity of the tripleelectrode ionization sensor is 4.74 mA C À1 to air and 22.72 mA C À1 to nitrogen at 110 C, respectively. It is obvious that the novel ionization gas temperature sensor is more sensitive to N 2 than air ( Fig. 4(a) and (b) ). According to the theory of Townsend discharge, as part of discharge current, the collecting current I c can be expressed as follow
where I 0 is initial emission current of CNTs cathode, d electrode separation between cathode and the extracting electrode and a Townsend's rst ionization coefficient. Eqn (1) showed that the initial emission current I 0 and Townsend's rst ionization coefficient a have effect on the collecting current at constant electrode separation d.
Effect of initial emission current I 0
When a stable DC voltage applied between the cathode and the extracting electrode, a non-uniform eld is generated between them. It is signicantly enhanced near the nanotube tips and become much higher than the other region. This enable initial electrons to be continuously emitted from the CNTs cathode. Under the joint action of the electric eld and temperature, the electrons are accelerated during the movement to anode, collide with gas molecules, and consequently free additional electrons. Those electrons are in turn accelerated and collide with gas molecules. Accordingly, a large number of ions generate in the vicinity of CNTs cathode due to the collision ionization between high speed electrons and gas particles. Because of the different ions concentration, part of positive ion can be extracted from the cathode region through the extracting hole toward the collecting electrode and be measured as collecting current. Fig. 3 (a) Effect of extracting voltage U 2 on gas temperature sensing properties and (b) long-term stability of novel gas temperature sensor in nitrogen. Y. Zhang et al. 29 have proved that the emission of the tripleelectrode sensor is eld-assisted thermal emission and the initial emission current density could be expressed as follow:
where
is Boltzmann constant and 4 eff is the effective work function of CNTs aer gas adsorption. The initial emission current I 0 ¼ j Schottky Â SN exponentially increases with increasing emission current density j Schottky (where SN is the effective emission area and constant here). On the one hand, the initial current density j Schottky increases with increasing temperature when the effective work functions of CNTs is determined aer certain gas adsorption. On the other hand, the effective work function 4 eff also has effect on the initial current density considering the different effective work function of CNTs aer different gas adsorption.
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The work function of pristine CNTs is reported to varied from 4.8 to 5.1 eV (ref. [36] [37] [38] [39] [40] and rises to the average value of 6.22 eV aer oxygen adsorption, but does not goes up signi-cantly aer nitrogen adsorption. 33, 38 While the greater the effective work function, the smaller the current density according to eqn (2) . That is why the ionization sensor is more sensitive to N 2 than air because that the air exposure effect should be dominated by oxygen. Townsend ionization is a gas ionization process where free electrons are accelerated by an electric eld, collide with gas molecules. Only when the energy picked up by an electron in its mean free path l along eld E is greater than the ionization potential 4 i of gas molecule, the impact ionization occurs and the probability of ionization is proportion to exp(À4 i /El). The probability of ionization, that is, ionization coefficient a, is characterized by the number of ionization events performed by an electron in its mean free path l along electric eld E.
The probability of ionization a varies with the mean free path l of electron and gas molecule collision at a constant electric eld E for a given gas due to its constant ionization potential 4 i according to eqn (3). The mean free path l increases with increasing gas temperature T according to kinetic theory expression l ¼ k B T/ps with Boltzmann constant k B , constant gas pressure p and effective cross-sectional area for collision s. Therefore the ionization coefficient a increases with increasing gas temperature due to the increasing mean free path according to eqn (3), resulting in an exponential increasing in collecting current I c according to eqn (1) . The collecting current of our experimental results are in good agreement with the theoretical analysis. This is a new insight of gas temperature measurement.
Conclusion
A triple-electrode CNT-based ionization sensor was fabricated for gas temperature measurement. By applying suitable voltages U 2 and U 1 , the novel ionization sensor could work in non-selfsustaining gas discharge state for a long time. The collecting current, as part of discharge current, changes with gas temperature because that the initial current and the rst ionization coefficient are functions of gas temperature according to Townsend discharge. Experiment result shows that the collecting current exhibited an exponential increase with the gas temperature. The sensor can accurately detect gas temperature in range of C with highest sensitivity of 4.74 mA C À1 to air and 22.72 mA C À1 to nitrogen at 110 C, respectively. The gas temperature also shows excellent reproducibility and long-term stability. Compared with the existing CNT-based resistive or thermal expansion temperature sensors, ionization gas temperature sensors facilitate the fabrication of CNTs.
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